Introduction
Phage display technology was first described by George Smith, 1 and since then it has emerged as an effective tool used in various biological fields. One of the most important applications is selection of recombinant antibodies, independent of the mammalian immune system. Based on the importance of antibodies in medical research and therapy [2] [3] [4] and the need disease process, notably those present on the bacterial surface. Cell surface proteins of C. difficile 630, such as Cwp66, 12 Cwp84 13 and SlpA, 14 were analysed, 15 and it has been shown that a significant number of them possess the cell wall-binding Pfam04122 motifs. Other surface proteins, including flagellar 16 and GroEL-like proteins, 17 which contribute to chaperone functions, may also directly or indirectly facilitate pathogenesis.
This study was aimed to isolate recombinant antibodies against certain surface proteins of C. difficile to facilitate characterisation of their location, function and contribution to the pathogenesis. A phage display library of humanised single-chain variable-fragment antibodies (scFvs) was screened against a range of recombinant clostridial proteins, and target-specific antibodies were characterised to elucidate their potential role in the biology of the pathogen.
Materials and methods

Culture of C. difficile
Three strains of C. difficile (630, R20291 and M120) were obtained from a local culture collection. Autoclaved Brazier's CCEY agar (Oxoid, Hampshire, UK) supplemented with 10 mL/L of cycloserine/cefoxitin (250/8 mg/L) and 40 mL/L of egg yolk was prepared for propagation of the organism. The bacterium was grown for 48 h at 37 • C under anaerobic conditions. Brain heart infusion (BHI) broth (20 mL) was pre-incubated for 16 h under anaerobic conditions, then inoculated with a single colony from an agar plate, and liquid cultures were grown under the above-mentioned conditions.
PCR
Amplification of candidate sequences was performed in 50 L reactions, each containing 2 L of genomic DNA from C. difficile strain 630, 0.5 M each primer (Table 1) , 200 M dNTPs and 0.5 L of Phusion polymerase (New England Biolabs, Ipswich, MA, USA). Thirty-five cycles of amplification were performed, each comprising denaturation at 94 • C (30 s), annealing at 55 • C (30 s) and extension at 72 • C (1 min). PCR products were characterised by electrophoresis in a 1% agarose gel and purified for cloning.
Cloning, expression and purification of target proteins
Purified PCR products were cloned in the pET-32 Ek/LIC vector according to the manufacturer's instructions (Novagen, Madison, WI, USA). Aliquots (1 L) of the recombinant plasmid were transformed into thawed NovaBlue competent cells (50 L) using a brief heat shock at 40 • C. Transformants were selected on L-agar containing ampicillin (50 g/mL), and then colony PCR and DNA sequencing were performed on the colonies selected. Plasmid DNA was purified from 2-mL cultures of the confirmed transformants and transformed into Escherichia coli BL21(DE3) and BL21(DE3) pLysS cells. Then, 2 mL of a 16-h culture of the bacterial strain was added to 200 mL of 2× YT-ampicillin (50 g/mL) medium and grown to an absorbance of 0.8 at 600 nm. Isopropyl ␤-d-1-thiogalactopyranoside (IPTG, 1 mM final concentration) was then added and the cultures were incubated for 16 h at 30 • C. Cells were collected from the 16-h cultures by centrifugation at 3500 × g for 20 min at 4 • C, then resuspended in PBS and disintegrated by ultrasonication. Following centrifugation under the above conditions, recombinant histidine-tagged proteins were purified from the supernatants by nickel-chelate affinity chromatography on pre-packed 5-mL Hi-Trap columns (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Proteins were eluted with imidazole (100-500 mM), and fractions were analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blotting and mass spectrometry.
Preparation of surface-layer (S-layer) extracts using low-pH glycine buffer
Cell wall proteins were extracted from cultures of the C. difficile strains (630, R20291 and M120) as described previously. 15 Briefly, to extract S-layer proteins, bacterial pellets were resuspended in 0.04 M glycine (pH 2.2), and after 30-min incubation at room temperature, intact cells were removed by centrifugation at 5000 × g for 10 min at room temperature. Supernatants containing the surface proteins extracted were neutralised to pH 7.0 with 2 M Tris.
Expression of heat shock proteins
The C. difficile strains (630, R20291 and M120) were grown in 20 mL of BHI liquid medium for 16 h under anaerobic conditions and then heat-shocked under the same conditions at 42 • C for 2 h. Bacterial pellets were separated at 5000 × g for 10 min at room temperature and stored at −20 • C.
Selection of scFv antibodies by phage display
Tomlinson libraries of humanised scFv antibodies (MRC Lab, Cambridge, UK) were used for isolation of antibodies against the recombinant clostridial target proteins. For selection, immunotubes (Nunc, Pasadena, TX, USA) were coated with a purified recombinant clostridial protein (4 mL at a concentration of 100 g/mL in PBS). The tubes were washed three times with PBS, then blocked with 2% skim milk-PBS, and later 10 13 phages from each library were added. After 2-h incubation, the unbound viruses were washed out 10 times with PBS containing 0.1% Tween 20, and the attached phages were recovered by the addition of trypsin (0.5 mL, 1 mg/mL). Half of the eluted phages were used to infect exponentially growing E. coli TG1. Serial dilutions of the infected bacteria were plated on tryptone-yeast extract agar, containing 100 g/mL of ampicillin and 1% glucose, to estimate the numbers of phages recovered by selection. The remaining infected bacteria were used for phage rescue by superinfection with 10 10 plaqueforming units (PFUs) of the KM13 helper phage. Phage particles were precipitated from 16-h culture supernatants with 20% polyethylene glycol 6000-2.5 M NaCl, collected by centrifugation at 3300 × g for 15 min and then titred on E. coli TG1 for the next round of selection. The nucleotides shown in bold letters are required for LIC in the expression vector.
Monoclonal phage enzyme-linked immunosorbent assay (ELISA)
Individual colonies were selected from titration plates and grown in 96-well plates to assess the specificity of the scFv clones isolated by phage display. Each bacterial culture was superinfected with 10 9 PFUs of the KM13 helper phage to produce clonal virus stocks. After overnight growth, the plates were centrifuged at 1800 × g for 10 min, and the supernatants were used in ELISA on plates pre-coated with relevant recombinant clostridial proteins. Phage binding was detected with a monoclonal anti-M13 antibody conjugated to horseradish peroxidise (Sigma, Dorset, UK).
Expression and purification of soluble scFv antibodies
Phages with properties of interest were used to infect nonsuppressor E. coli strain HB2151, which was plated on selective agar containing 100 g/mL of ampicillin. The transfected bacteria were then grown in a liquid medium to the late exponential phase (absorbance of 0.9 at 600 nm) before addition of IPTG to a final concentration of 1 mM. Growth was continued for 16 h at 30 • C, and then the culture supernatants were used in ELISA using a protein A-HRP conjugate to detect scFv binding to the relevant recombinant clostridial protein. The scFvs were precipitated from the culture supernatants using ammonium sulphate and dialysed against PBS, pH = 7. The dialysed samples were purified by nickel affinity chromatography and analysed by Western blotting using an anti-c-myc antibody and an anti-rabbit-HRP conjugate (Sigma, Dorset, UK) to detect the scFvs. Surface-layer protein A (SlpA) was extracted from C. difficile 630, separated by SDS-PAGE and then transferred to a Hybond membrane. The membrane was probed with individual scFvs to examine their binding by Western blotting.
Motility inhibition test
Bacterial motility inhibition assays were performed to evaluate the properties of recombinant antibodies against flagellar proteins. Cells of C. difficile strain 630 were serially diluted, and 10 5 bacterial cells were incubated with 150 L of the purified scFvs against single protein components of the flagellar structure, along with control reactions including M120 as a non-motile strain. The mixtures were incubated for 1 h at 37 • C under anaerobic conditions, and then one-tenth of the mixture was deeply inoculated into 0.2% BHI agar. The cultures were kept under the above-mentioned conditions and monitored for growth over 48-72 h.
Results
PCR of clostridial targets
Amplification of the genes for a number of clostridial proteins with a putative surface location was optimised using genespecific primers (Table 1 ). The targets included Cwp84, Cwp66, Acd, GroEL, FliD, FliC, CspA, FbpA and a putative sortase. The amplicons were analysed by gel electrophoresis, their sizes were confirmed as predicted from the genomic sequence of C. difficile 630 (Fig. 1) , and the DNA was isolated for cloning. 
Cloning, expression and purification of the targets
Colony PCR analysis using the target-specific primers showed that most of the transformants carried inserts of the size expected for each target, which were further confirmed by sequencing (S-tag or T7-specific primers, Novagen, Madison, WI, USA). Except cwp84, all the inserts were of the right length and in a correct frame with the fused tag used for detection and purification of the recombinant proteins. In the case of cwp84, original amplification appeared successful (Fig. 1, lane  1) ; however, deletion most likely occurred during ligation or transformation. When the E. coli DE3 bacterial transformants were induced, Western blotting of the lysates showed successful expression of most clostridial target proteins in the E. coli background, and proteins of predicted molecular weights were detected on the blots (Fig. 2) . Peptidoglycan hydrolase Acd was the only exception, for which no signal was detected (Fig. 2,  lane 1) . Most of the purified recombinant targets were identical with the proteins of C. difficile 630, as confirmed by SDS-PAGE, mass spectrometry and Mascot analysis (data not shown). These proteins were sortase B, CspA, GroEL, FliC and FliD (flagellar components), N-and C-terminals of Cwp66 along with the complete reading frame of Cwp66. A low-molecular-weight form of SlpA (designated LMW) and a complete surface-layer structure comprised of high-and low-molecular-weight components (designated SlpA) were obtained from our collaborators. These materials were used as targets in phage display to recover specific recombinant scFv antibodies. 
Panning and selection of antibody phages from scFv libraries I and J
Analysis performed during three rounds of selection revealed increases in phage recovery rates. The monoclonal phage ELISA assays demonstrated that 50-100% of all clones were reactive against the intended target, although there was some variation in the ELISA signal measured by absorbance at 450 nm (data not shown).
Expression and purification of soluble scFvs against clostridial targets
The scFvs producing the best signals in the ELISA assays against the targets were scaled up using high-volume cultures. Supernatants from the induced E. coli HB2151 transfectants were purified by nickel affinity chromatography and using the tag encoded by the display/expression vector, fused at the termini of the recombinant antibodies. High yields of each culture were obtained, and a series of 30-kDa proteins was purified, predicted to be scFvs (Fig. 3) . In general, the yields were consistent, and 30-kDa proteins were observed in all instances, despite the fact that one recombinant antibody (anti-LMW scFv clone G7; lane 2) was present at high yield and another was only weakly visible in the gel (anti-LMW scFv clone A6; lane 4).
Sequence analysis of scFvs
Approximately 600 clones with a high binding capacity to the clostridial target proteins were identified, and of these 30 scFvs were chosen for sequence analysis. Plasmid DNAs were purified and sequenced using primers for flanking vector sequences and the primers that annealed to the linker coding sequence separating the heavy-and light-chain domains of each scFv. The results showed that the framework sequences were identical, as expected from the manner in which the libraries were constructed. Amino acids present at diversified positions in the complementarity determining regions, CDR2 and CDR3, of the heavy-and light-chains are assembled for comparison in Table 2 . In some cases, all scFv antibodies against a particular clostridial target were unique, such as clones A9, E7 and G12 directed against CspA ( Table 2 ). The diversified residues in these antibodies were all distinctive, although E7 and G12 contained threonine or serine residues in the heavy-chain domain with certain frequencies. In other groups, near-identical sequences were recovered by screening of the phage display libraries against a defined target. Similar properties were also evident among the scFvs against Cwp66 and sortase B ( Table 2 ). The six clones against LMW were as follows: A6 and D4 were identical, G1 and H1 formed a second identical pair, whilst F10 and G7 were unique. The results of restriction enzyme (NcoI and NotI) analysis conducted to evaluate the presence of full-length scFv reading frames showed that all the scFvs were intact (Fig. 4 ).
Immunoblot analysis with native C. difficile proteins
All purified scFvs were able to recognise the recombinant clostridial targets used in selection by Western blots (data not shown). Given that recombinant methods were used for production of these proteins in E. coli, analysis was carried out to study the recognition of native forms of each protein.
All the anti-SlpA scFvs recognised the native target protein from C. difficile 630 on a Western blot; however, the patterns of recognition were sometimes unexpected. As shown in Fig. 5 , anti-LMW scFvs D4, H1, A6 (upper panel, A-C, respectively), G1 and F10 (middle panel, D and E, respectively) all recognised the high-molecular-weight (HMW) component of the native SlpA complex, despite having been isolated by selection on a recombinant form of the LMW protein. The recognition was strong, specific and unambiguous. In contrast, G7 (Fig. 5 , middle panel, F) isolated in the same selection experiment reacted strongly with the LMW protein. This result was also noticeable in the reactions of SlpA A9 and SlpA E10; meanwhile, these scFvs were isolated by selection on the native SlpA complex.
The scFvs against the SlpA protein of C. difficile 630 were also analysed on Western blots using extracts from C. difficile 630, R20291 and M120. None of the scFvs were able to bind to the SlpA components of C. difficile R20291, but all showed ability to attach to the SlpA components of strains 630 and M120 (data not shown). When analysing the extracts from C. difficile 630, R20291 and M120, reactions between the scFvs and the putative native targets were generally obvious. However, it was consistently observed, regardless of the selection or specificity, that the antibodies were bound to a protein from M120, which was of a similar molecular weight to that of the LMW component of SlpA (Fig. 6) . In these experiments, extracts from C. difficile 630, M120 and R20291 were probed with three scFv clones against GroEL, of which only clone E10 could react with its native target (58 kDa). However, a weak signal was also evident at a lower molecular weight in the extract from strain 630, and a much weaker signal was evident in the extract from strain R202091, but the strongest signal was detected at 36 kDa (Fig. 6, unshaded arrowhead) . This suggests a reaction between scFv E10 and the LMW component of SlpA from the M120 strain. This finding was consistent when extracts of M120 were probed, irrespective of the specificity of the scFv and its reactivity with components in extracts from M120 and the other strains, suggesting the presence of an immunoglobulin-binding activity in extracts from C. difficile strain M120.
Analysis of effects of scFvs on bacterial motility
The scFvs against the FliD (clone B5) and FliC (clone A6) proteins were tested to assess whether their binding to the bacterial surface would interfere with a specific biological activity such as motility (Fig. 7) . In the images, bacterial mobility is apparent as diffuse growth from the stab inoculation site. The three left images in the top row show the growth of C. difficile 630 without an scFv (left) and pre-mixed with an irrelevant scFv prior to inoculation (middle), as well as the growth of the non-motile M120 strain without an scFv (right). These images illustrate the diffuse pattern of growth of motile bacteria. The three right images in the top row of Fig. 7 show the growth of C. difficile 630 pre-incubated with undiluted (left), 10-fold diluted (middle) and 100-fold diluted (right) anti-FliC scFv B5. The images in the bottom row of Fig. 7 show the results obtained using the same experimental design with anti-FliD scFv A6. Although inhibition of bacterial motility by the antiFliC and anti-FliD scFvs could be seen under all conditions, the range of inhibition gradually decreased with the increase of the dilution factor.
Discussion
In many intracellular and extracellular bacterial pathogens, surface proteins play a crucial role in the pathogenesis. 18, 19 Synthesis of these proteins, their assembly on the surface, activities and strain-to-strain differences are all promising areas for exploitation in the development of therapeutics and diagnostics. Analysis of the C. difficile proteome indicates that approximately 50 surface components exist, many being SlpA paralogs and others having distinctive functions such as a role in bacterial motility.
Phage display technology has provided a fast, efficient and productive strategy for isolation of monoclonal antibodies and allowed the screening and analysis of significant numbers of clones. In this study, from the initial panel of 600 soluble antibodies, 30 were chosen for the final panel of reagents. This is the first report of the recombinant antibody selection against a range of surface proteins of C. difficile.
Besides the unexpected interactions of selected anti-SlpA 630 antibodies with low-and high-molecular-weight components, analysis of these binders against SlpA revealed that the antibodies bind to extracts of the C. difficile 630 and M120 strains under both denaturing and non-denaturing conditions; however, the scFvs failed to bind to extracts from the R2029 strain. This suggests that the epitopes for this panel of antibodies were probably linear, and hence treatment with SDS did not disrupt the interaction sites. SlpA is a major protein of C. difficile, 20 potential exists for bacterial adhesion to be inhibited by specific immunological reagents. 21 Regarding the anti-SlpA scFvs isolated in the current work, one future opportunity would be to look for anti-HMW antibodies and test if they possess similar properties. One of the targets was GroEL as a heat shock protein. Among all the scFvs selected against recombinant clones of this protein, only clone E10 could react with the native form. The results obtained with the extracts of the C. difficile M120 strain showed that most of the scFvs used to probe Western blots appeared to be able to bind to a protein of about 36 kDa, a size consistent with that of the LMW component of SlpA from the M120 strain. Reactions with components of this size were evident by analysing the scFvs directed against GroEL, sortase B, FliC and CspA (data not shown). Given the number of the scFvs that appeared to react with this protein, the most likely explanation is that it is able to bind scFvs not through the interaction with residues in the CDRs of the antibodies, but via other parts of the recombinant immunoglobulin, similar to the cases of A and L proteins. It has also been reported that some spore proteins of Bacillus subtilis are able to interact with scFvs, indicating that there exist certain V H variants of the antibodies. 22 The current study showed that binding of scFvs to the FliC and FliD targets could partially inhibit bacterial motility. Alignment of the FliC and FliD protein sequences from two strains (630 and 027) showed a high degree of identity between the two proteins, with greater variation in their central regions. This alignment and the blotting results suggest that the binding site for the anti-FliC scFvs may lie in the variable central regions (data not shown). It has been reported that FliC from six strains reacted with a polyclonal anti-FliC antibody 23 ; however, the molecular weight of the protein, predicted from the gene sequence, was different from that of FliC isolated from the bacterial extracts. More recent bioinformatics analysis of different strains has shown that the protein undergoes glycosylation, and differences in the glycan biosynthesis genes further affect the observed masses of FliC from different strains. 24 In conclusion, this study validated a strategy for generating recombinant antibodies against selected targets from the bacterial pathogen C. difficile. These reagents have a potential in diagnostics, as well as for advancing understanding of the disease process and developing new therapeutics.
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